Introduction
============

Cancer cell metabolism is a direct result of the modulation of intracellular signaling pathways that are disrupted by mutated oncogenes and tumor-suppressor genes. Mutated oncogenic genes can directly initiate cancer cell metabolism. Similarly, mutated metabolic enzymes can facilitate malignant transformation. Metabolism comprises an energy-producing process of which cells have advantages for the maintenance of cell homeostasis as well as growth and proliferation. Normal cells are equipped with complex signaling networks that are orchestrated by key control enzymes, sensing environmental cues and operating metabolic machineries to provide sufficient energy for survival in a perfectly controlled manner. During proliferation, normal cells activate metabolic pathways to accommodate increased adenosine triphosphate (ATP) consumption for cell reproduction. Along with this metabolic boost, unavoidable by-products of aerobic metabolism, such as reactive oxygen species, may unfortunately damage cells and promote DNA mutations. Thus, alterations in cell metabolism may trigger tumorigenesis. Mutations of oncogenes and tumor-suppressor genes can modify multiple intracellular signaling pathways and, in turn, alter cell metabolism to facilitate the tumorigenic process.^[@bib1]^ Altered signaling pathways not only enable cells to adapt to tumor cell metabolism, but several of these metabolic alterations are also essential for malignant transformation.^[@bib2]^

The characteristic metabolic hallmark of tumor metabolism is aerobic glycolysis or the Warburg effect; named after Otto Warburg who first described it in 1926. Unlike normal cells that produce energy mostly through the oxidation of pyruvate in the mitochondria, cancer cells predominantly produce energy via enhanced glycolysis in the cytosol, even under aerobic conditions.^[@bib3]^ Most cancer cells use glycolysis as a means of energy production regardless of whether they are under normoxic or hypoxic condition.^[@bib4]^ The correlation between glycolytic ATP production and tumor malignancy has repeatedly been reported.^[@bib5]^ It was originally hypothesized that these metabolic changes reflect damage to mitochondrial oxidative phosphorylation, implying that cancer cells could not respire properly to obtain sufficient ATP. However, recent studies revealed that many cancer cells are capable of synthesizing ATP through mitochondrial respiration.^[@bib6]^ Regardless of whether mitochondrial respiration is reduced, the fact remains that cancer cells exhibit high rates of glycolysis and lactate fermentation, and this dependence on glucose utilization may be exploited for therapeutic intervention.

During the past decade, many studies focusing on mitochondrial function in cancer cells have suggested that the Warburg effect is more closely related to alterations in signaling pathways that control the uptake and utilization of glucose than to mitochondrial defects. The Warburg effect has recently gained attention again in the cancer research field, because researchers have begun to re-evaluate the significance of aerobic glycolysis in tumor cells.^[@bib7],\ [@bib8]^ Aerobic glycolysis in cancers is the combined result of oncogenes, tumor suppressors, a hypoxic microenvironment, mtDNA mutations and others. Understanding the complex cancer energy metabolism will help to develop new approaches in early diagnosis and cancer therapy. This review will discuss the metabolism of tumor cells, focusing on the analysis of altered enzymatic activities that are involved in aerobic glycolysis, and discuss current strategies of targeting metabolic pathways for cancer treatment.

The Warburg effect: metabolic reprogramming
===========================================

Glucose is the primary source of energy and is the main fuel for cellular respiration. In glucose utilization in normal conditions, 70% of ATP is known to be synthesized by oxidative phosphorylation and the rest by glycolysis. As the ATP yield varies with cellular conditions, the ratio between glycolysis and oxidative phosphorylation also varies in different cells, growth states and microenvironments. In hypoxia, for example, enhanced glycolysis compensates the compromised oxidative phosphorylation to maintain the cellular energetic balance. In most solid tumor cells, a switch in metabolism towards glycolysis over respiration in spite of their functional oxidative phosphorylation machinery manifests the cancer-specific aerobic glycolysis. When the oxidative phosphorylation machinery is limited for any reason (hypoxia, suppression of mitochondrial respiration and so on), other pathways such as lactate fermentation are recruited to supply the cellular energy demand. Cancer cells require a vast amount of energy in a short period of time in order to proliferate. Muscle cells in hypoxic conditions and embryo cells during development can adapt to an altered metabolism when oxygen supply is limited or when growth rate exceeds the regular energy supply, respectively. These cells convert glucose to lactate for fast, but less efficient, ATP generation, accompanying high glucose consumption. Likewise, cancer cells exhibit altered metabolism to meet energy needs during tumor progression; which is known as the Warburg effect.

The Warburg effect involves a metabolic shift from oxidative phosphorylation to glycolysis or lactate fermentation, even in the presence of oxygen.^[@bib3]^ Otto Warburg originally proposed that a mitochondrial defect disrupted mitochondrial respiration resulting in an increase in glycolysis to meet the energy demand of cancer cells. Alternatively, hypoxia, which is common in cancerous tumors, can relieve oxygen inhibition of the glycolytic pathway (Pasteur\'s effect), resulting in anaerobic glycolysis. However, it was later determined that cancer cells utilize aerobic glycolysis for energy generation instead of mitochondrial respiration, even in the presence of normally functioning mitochondria. Converting glucose to lactate, rather than metabolizing it through mitochondrial oxidative phosphorylation, is far less efficient, as the former process generates fewer ATP molecules per unit of glucose. Therefore, a high rate of glucose uptake is required to meet the increased energy needs involved in supporting rapid tumor progression. Collectively, these processes all contribute to the Warburg effect. The dependency on fermentative metabolism for ATP generation is a long-term metabolic reprogramming in transformed cancer cells where glucose uptake and glycolytic activities are markedly increased. Even under normoxia, an acute repressive signaling cascade imposed onto mitochondrial function is commonly observed. Transformation of normal cells into cancer cells involves a long-lasting irreversible metabolic switch toward activation of glucose transport and utilization in addition to the suppression of mitochondrial respiration.^[@bib4]^ If the function of respiratory machinery is normal, the glycolytic activity will be regulated via different pathways to maintain a balance of energy.^[@bib9]^ Although glutamine was not emphasized by Warburg, glutamine is an essential bioenergetic and anabolic substrate for many cancer cell types. Cancer cells exhibiting aerobic glycolysis rely on glutamine as well as glucose as the carbon source. Glutamine is used to provide intermediates of the tricarboxylic acid (TCA) cycle to feed other biosynthetic pathways as precursors. Therefore, cancer cells are dependent on glutamine to maintain the TCA cycle, as they rely on glucose during aerobic glycolysis.

Many studies have shown that metabolic alterations of glucose provide additional energy to support tumor growth. Therefore, the inhibition of glycolysis results in reduced cell proliferation and tumor growth. Moreover, the inhibition of biosynthetic pathways that are related to glycolysis decreases tumor growth. These suggest that targeting glycolysis may be a useful strategy for preventing or stopping the development of cancer.

Oncogenic signals and metabolic reprogramming
=============================================

Mutations that activate oncogenes or inactivate tumor suppressors can significantly affect activities of metabolic enzymes and have a key role in aerobic glycolysis of cancer.^[@bib10],\ [@bib11],\ [@bib12]^ Among oncogenic mutations, alterations in phosphatidylinositol 3′-kinase (PI3K), phosphatase and tensin homolog (PTEN), Myc and p53 can all impact cellular metabolism ([Figure 1](#fig1){ref-type="fig"}). The PI3K pathway has frequently been shown to be altered, and thus has a major role in tumor proliferation and survival for a wide variety of human cancers.^[@bib13]^ Activation of PI3K results in the downstream activation of AKT and stabilization of hypoxia-inducible factor (HIF)-1. The PI3K enzyme itself antagonizes the tumor-suppressor PTEN, and the loss of PTEN increases glycolysis by activation of AKT and HIF-1.^[@bib10]^ AKT stimulates glycolysis by increasing the expression and membrane translocation of glucose transporters, and also by phosphorylation of glycolytic enzymes, such as hexokinase (HK) and phosphofructokinase (PFK).^[@bib10],\ [@bib14]^ Moreover, AKT activates mammalian target of rapamycin (mTOR), which indirectly affects other metabolic pathways by activating HIF-1, even under normoxic conditions.^[@bib14]^ Oncogene mutation of Ras activates mTOR via the PI3K-Akt-mTOR signaling pathway, and mTOR promotes glycolysis through inducing HIFs.^[@bib15],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib19]^ The HIFs are transcription factors that regulate gene expression in response to the cellular environment, specifically in the event of decreased oxygen or hypoxia. HIF-1 regulates many different genes such as vascular endothelial growth factor, hepatocyte growth factor receptor (c-Met), erythropoietin, transforming growth factor-α, platelet-derived growth factor-β and glucose transporter GLUT1 and therefore influences such cellular activities as angiogenesis, glycolysis and cell survival.^[@bib20]^ Also, HIF-1 activates pyruvate dehydrogenase kinases (PDKs), thereby inactivating pyruvate dehydrogenase and blocking the flow of pyruvate into the TCA cycle.^[@bib21],\ [@bib22],\ [@bib23]^ Reduced transport of pyruvate into the mitochondria decreases the rate of oxidative phosphorylation and oxygen consumption.

The oncogenic transcription factor, Myc, also directly activates transcription of glycolytic enzymes that affect cell metabolism. Myc was shown to regulate glycolysis in cells grown under normoxic conditions through the direct activation of lactate dehydrogenase A and virtually all other glycolytic genes.^[@bib24]^ Myc can also activate genes associated with mitochondrial biogenesis and function and cooperates with HIF to activate certain glucose transporters and glycolytic enzymes, as well as lactate dehydrogenase A and PDK1.^[@bib25],\ [@bib26]^ In contrast to AKT and HIF, Myc can regulate genes associated with glutamine metabolism.^[@bib27],\ [@bib28],\ [@bib29]^ Collectively, these alterations induce high levels of glycolysis and glutaminolysis in Myc-induced liver cancer, which are associated with an aggressive tumor phenotype and histology.^[@bib30]^ It is important to note that even though Myc can enhance the glycolytic pathway, it also enhances mitochondrial respiration, all of which contribute to the overall increased metabolic function of cancer cells.

The tumor-suppressor p53 is probably one of the single most important proteins mutated in many human cancers. In addition to its role in cell cycle control and cell death, p53 also shows an inhibitory effect on glycolysis.^[@bib31]^ p53 upregulates the expression of TP53-induced glycolysis and apoptosis regulator (TIGAR), which decreases fructose-2,6-bisphosphatase (Fru-2,6-P~2~) by dephosphorylation. Increased expression of TIGAR results in a decreased level of Fru-2,6-P~2~ and a decreased glycolytic rate.^[@bib32]^ Furthermore, p53 directly stimulates oxidative phosphorylation through upregulation of cytochrome *c* oxidase 2 (SCO2), which is required for the assembly of the cytochrome *c* oxidase complex of the electron transport chain.^[@bib33]^ Hence, loss of p53 shifts metabolism from mitochondrial respiration towards glycolysis.

Mutations of metabolic genes in cancer
======================================

Although the Warburg effect describes altered cancer metabolism, mutations in genes that encode metabolic enzymes can provide a direct genetic link to the altered metabolism ([Figure 2](#fig2){ref-type="fig"}). Mutations in two TCA cycle-related genes that encode fumarate hydratase (FH) and succinate dehydrogenase (SDH) lead to accumulation of their respective substrates, fumarate and succinate, in a subset of human cancers. SDH also serves as respiratory complex II in the electron transport chain; therefore mutations in SDH may directly affect mitochondrial respiration. Indeed, mutations in the genes encoding SDH subunits have been connected to hereditary parangangliomas and pheochromocytomas.^[@bib34],\ [@bib35],\ [@bib36]^ Additionally, FH gene encodes the enzyme that converts fumarate to malate in the mitochondria. Thus, mutations in FH result in fumarate hydratase deficiency and have also been connected to uterine and skin leiomyomas and papillary renal cancer.^[@bib37]^

Connections between a mutant metabolic enzyme and tumorigenesis have been uncovered from cancer genome-sequencing efforts. NADP (nicotinamide adenine dinucleotide phosphate)-dependent isocitrate dehydrogenase 1 (IDH1) and IDH2 provide a fascinating example of a mutant metabolic enzyme driving tumorigenesis. IDH1 and IDH2 catalyze the conversion of isocitrate to α-ketoglutarate (αKG) in mammalian cells with the generation of one molecule of NADPH. IDH1 and IDH2 are homodimeric enzymes that act in the cytoplasm and mitochondria, respectively. It has been shown that heterozygous point mutations in several residues in IDH1 are common in gliomas and in acute myeloid leukemia.^[@bib38],\ [@bib39]^ These mutations have been shown to act in a dominant-negative fashion to inhibit IDH1 and IDH2 activity, leading to a reduction in cytoplasmic αKG concentration, an inhibition of prolyl hydroxylase activity and a stabilization of the hypoxia-induced transcription factor HIF-1.^[@bib40]^ Additionally, these mutations have been reported to provide IDH1 and IDH2 with novel enzymatic activity, causing conversion of αKG to 2-hydroxyglutarate (2-HG),^[@bib41],\ [@bib42],\ [@bib43]^ the effects of which are not well understood. Although 2-HG is present at low concentrations in normal cells and tissues, mutations in IDH1 and IDH2 result in elevated 2-HG levels in glioma tissues and in acute myeloid leukemia cells.^[@bib41],\ [@bib42],\ [@bib43]^ Hence, it would be interesting to know if high concentrations of 2-HG are directly related to the tumorigenicity of IDH1 and IDH2 mutations. Importantly, levels of αKG, isocitrate and several other TCA metabolites remain unchanged in cells or tissues with IDH1 mutations, suggesting that other metabolic pathways can adjust and maintain normal levels of essential metabolites.^[@bib41],\ [@bib43]^

A common feature associated with mutations in the metabolic enzymes SDH, FH and IDH is an aberrant accumulation of metabolites with oncogenic potential. The metabolic products of mutant SDH, FH and IDH inhibit the activity of enzymes (for example, prolyl hydroxylases) belonging to a class of αKG-dependent enzymes. Interestingly, these αKG-dependent enzymes normally target HIF for degradation. Furthermore, mutant SDH, FH and IDH have all been shown to induce HIF activity.^[@bib44]^ Thus, oncogenic alterations in cellular metabolism can regulate pathways that are unrelated to metabolism and that contribute to the oncogenic process, such as altered HIF activity.

Altered mitochondrial metabolism can have an important role in carcinogenesis. Phosphoglycerate dehydrogenase (PHGDH) and glycine decarboxylase are two enzymes showing a similar pattern of mutation that can both affect mitochondrial metabolism directly during oncogenesis. PHGDH catalyzes the first step in serine synthesis,^[@bib45],\ [@bib46]^ is amplified in estrogen receptor-negative breast cancers, and is suggested to be an oncogenic enzyme when overexpressed. PHGDH also shuttles glycolytic intermediates into the one-carbon metabolic pathway and thus directs nucleotide biosynthesis. Loss of PHGDH decreases the level of a key TCA intermediate, αKG, but surprisingly not serine.^[@bib46]^ Glycine decarboxylase is also involved in glycine/serine metabolism and the one-carbon metabolic pathway, and its overexpression promotes tumorigenesis.^[@bib47]^

Metabolic targeting
===================

Metabolic targeting for cancer therapy is currently under investigation in an effort to identify small molecules that might specifically inhibit key metabolic steps associated with tumor growth ([Table 1](#tbl1){ref-type="table"}). Attenuation or inhibition of glycolysis has been found useful for preventing the development of cancer, demonstrating that glycolysis is essential for proliferation, invasion and metastasis of cancer.^[@bib48],\ [@bib49],\ [@bib50]^ Glycolysis can be blocked by inhibition of the glycolytic enzymes HK, PFK and pyruvate kinase (PK), all of which regulate irreversible and rate-limiting steps in glycolysis. Therefore, the strategy is to compromise or completely block the increased glycolysis in cancer cells by abating the enzymatic activity of these three proteins.

HK facilitates the first step of glycolysis, where glucose is phosphorylated with the use of ATP. Inhibitors of HK such as 2-deoxyglucose (2-DG), 3-bromopyruvate (3-BrPA) and lonidamine (LON, 1-\[(2,4-dichlorophenyl)methyl\]-1H-indazole-3-carboxylic acid) are currently in pre-clinical and early phase clinical trials. 2-DG serves as a competitive inhibitor of HK, blocking access of glucose to the enzyme. 2-DG is taken up by glucose transporters and phosphorylated by HK to 2-DG-P and thereby trapped within the cell, because 2-DG-P is not recognized and metabolized by the next glycolytic enzyme, phosphoglucose isomerase. This leads to the accumulation of 2-DG-P within the cell and a depletion of cellular ATP production.^[@bib51]^ However, its effectiveness as a single agent is limited and combining 2-DG with radiotherapy or chemotherapy enhances the tumor-destroying effects.^[@bib52]^ 3-BrPA is known to inhibit cancer cell energy metabolism and is a key determinant of chemoresistance in certain cancer types.^[@bib53],\ [@bib54]^ ATP depletion caused by glycolysis inhibition with 3-BrPA treatment suppresses ATP-binding cassette (ABC) transporter activity and subsequently drug efflux, enhancing drug retention. As a result, 3-BrPA can improve cancer therapeutics or overcome chemoresistance. Consistently, it was previously reported that increased glycolysis is directly associated with glucocorticoid resistance that is associated with treatment failure in childhood acute lymphoblastic leukemia and inhibition of glycolysis by 2-DG, 3-BrPA or LON increases prednisolone-induced toxicity in leukemia cells.^[@bib55]^ LON, 1-\[(2,4-dichlorophenyl)methyl\]-1H-indazole-3-carboxylic acid, is a HK 2 inhibitor that has been shown to induce apoptosis and treat multidrug resistance in various cancer cell lines.^[@bib56],\ [@bib57],\ [@bib58]^ However, Phase II clinical trials of LON as a treatment for benign prostatic hyperplasia have been suspended because of its liver toxicity.^[@bib59],\ [@bib60]^ The combination of LON with other anticancer drugs like Paclitaxel, a common chemotherapeutic agent that hyper-stabilizes microtubules and prevents cell division but shows high toxicity, is undergoing clinical trials for the treatment of cancers.^[@bib51],\ [@bib61]^

PFK activity is extremely sensitive to small changes in pH, and its activity drops as pH decreases.^[@bib62],\ [@bib63],\ [@bib64]^ The intracellular pH in cancer cells is typically high, activates the rate-limiting enzyme PFK and subsequently facilitates glycolysis.^[@bib65],\ [@bib66],\ [@bib67]^ The Na^+^/H^+^-exchanger NHE-1 is known to increase the intracellular pH in cancer cells. It has been reported that inhibitors of NHE-1 such as amiloride or 5,5-dimethylamiloride produce anticancer effects by decreasing intracellular pH, PFK activity and thus decreasing glycolysis.^[@bib65],\ [@bib68],\ [@bib69]^ Citrate is another potential inhibitor of PFK activity. Citrate is an archetypal feedback inhibitor of PFK and is normally converted into cytosolic acetyl-CoA by the enzyme ATP citrate lyase. However, use of an ATP citrate lyase inhibitor, SB-204990, can increase citrate levels that, in turn, inhibit glycolysis,^[@bib70],\ [@bib71],\ [@bib72]^ thereby producing anticancer effects.

The PK isozyme M2 (PKM2) is present in very few types of normal proliferating cells but is highly expressed in cancer cells.^[@bib73],\ [@bib74]^ PKM2 catalyzes the rate-limiting ATP-generating step of glycolysis, controlling the conversion of phosphoenolpyruvate to pyruvate.^[@bib74]^ By inhibiting PKM2, the glycolytic flux regresses to limit the generation of ATP in cancer cells. Although such an effect might seem to be detrimental to tumor growth, the result is actually the opposite. Similar to normal cells, cancer cells must generate macromolecules such as lipids, nucleic acids and proteins. Without the biosynthesis of these macromolecules, rapid cell proliferation will cease even in the presence of ATP. Slowing glycolysis and shuttling of phosphoenolpyruvate through the pentose phosphate pathway generates macromolecule precursors that are necessary to support cell proliferation^[@bib75],\ [@bib76],\ [@bib77]^ and hence counteract the effects of inhibited glycolysis. Despite this setback, PKM2 is still of interest, because it is uniquely important to tumor metabolism.

Until recently, the importance of glutamine metabolism and its regulation has not been emphasized for tumor metabolism, because the dependency of cancer cells on glutamine was not fully appreciated by Warburg. Modulation of transamination, the transfer of an amine from glutamine during mitochondrial respiration, has been proposed to inhibit tumor growth.^[@bib78],\ [@bib79]^ It consists of glutaminase that converts glutamine to glutamate and glutamate dehydrogenase that converts glutamate to αKG. Myc has been shown to regulate many steps in glutamine metabolism, which gives an insight on important enzymes in glutamine metabolism as therapeutic targets when metabolism is reprogrammed in cancer cells.^[@bib80]^ It has been suggested that modulation of both transamination and PK can be a combined method for metabolic targeting of tumors. Metabolites from transamination may also have a regulatory role on the dimer/tetramer structure of PK. A balanced presence of both PK structures is essential for enzymatic activity, and modulation of the dimer/tetramer ratio by transamination metabolites can be detrimental for tumor growth.

Lactate dehydrogenase (LDH) is another enzyme important for tumor cell metabolism. LDH catalyzes the conversion of pyruvate to lactate. This reduction step is absolutely necessary for the regeneration of NAD^+^, which is needed to continue glycolysis. It has been observed that decreases in LDH inhibits glycolysis and has antitumor effects in cancer cells.^[@bib81],\ [@bib82]^ Deck *et al.*^[@bib83]^ have synthesized dihydroxynaphthoic acids, which are potent inhibitors of LDH and inhibitors of glycolysis. The specific LDH inhibitor, oxamate, may also be useful in treating paclitaxel-resistant cancers. Combinational treatment of paclitaxel and oxamate showed a synergistic inhibitory effect in the paclitaxel-resistant breast cancer cells by promoting apoptosis.^[@bib84]^ Lastly, inhibition of PDK reduces glycolysis and promotes mitochondrial function by activating pyruvate dehydrogenase, and reduction of glycolysis may lead to an antitumor response. Many studies have shown that dichloroacetate, a PDK inhibitor, produced markedly positive outcomes for the treatment of lactic acidosis and mitochondrial diseases^[@bib85],\ [@bib86]^ and may prove useful in the treatment of cancer.

Perspectives
============

Cancer cell metabolism utilizes aerobic glycolysis in which cancer cells use glucose for energy supply and glutamine to feed mitochondrial intermediates for biosynthetic precursor supply. Altered metabolism is considered to be fundamental to the transformation of normal cells to cancer cells, and it is believed to be conserved in most tumors, including solid tumors, lymphoma and leukemia. Certainly, cancers display extremely heterogeneous characteristics as tissue origin in every cancer type is different.^[@bib87]^ Also, cancer cells suffer from poor nutrient and oxygen supplies due to the imperfect vasculature formed during tumorigenesis.^[@bib20],\ [@bib88],\ [@bib89]^ It is worth noting that cancer cells exhibit greater plasticity than normal cells.^[@bib90]^ Therefore, alterations of metabolic pathways in tumor cells may give rise to a selective advantage for rapid generation of ATP and for sufficient biomolecule production to cancer cells under the unfavorable environment.^[@bib91],\ [@bib92]^ Hypoxic adaptation essential for survival and progression of a tumor is thought to be closely linked to metabolic changes in cancer cells. Along with a reduced use of oxygen and the rapid energy production, there is a notable shift in mitochondrial function from an energy producer to a creator of biosynthetic intermediates. Although the molecular mechanisms still remain largely unknown, mutations of oncogenes and tumor suppressors account for part of the metabolic reprogramming in cancer cells. Cancer cell metabolism has recently become one of the most exciting and promising fields for the development of new anticancer agents. Cancer research encompasses distinct fields of molecular, biological and metabolic research areas, and until recently, only signal transduction pathways have been recognized as a promising field for the development of therapeutic drugs against tumors. By better understanding the cancer-specific metabolic process, and by further comprehending the tumor cell, researchers in the field of metabolic research hope to find new drugs that may revolutionize cancer treatment. Targeting cancer metabolism opens an opportunity to develop broadly applicable drugs that can treat multiple cancer types and hence may lead to a new class of anticancer drugs. Numerous analogs of metabolites are being tested at present as potential drug candidates to target tumor metabolism. Further studies on the role of the mitochondria in cancer cell metabolism may provide a selective delivery system for toxic chemicals specifically to cancer cells, thereby increasing the efficacy and reducing the toxicity of potentially powerful chemotherapeutic drugs. New understandings of cancer metabolic profiles give us a hope that a new class of therapeutic agents may be developed for cancer therapy. Therefore, effective use of metabolic inhibitors may provide clinically favorable therapeutic strategy.
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![Metabolism of cancer cells is regulated by signaling pathways related to oncogenes and tumor-suppressor genes. PI3K activates AKT, which stimulates glucose uptake and flux by directly controlling glycolytic enzymes and by activating mTOR. mTOR indirectly causes metabolic changes by activating HIF. HIF activates PDK, which inactivates the mitochondrial pyruvate dehydrogenase complex and thereby inhibits the entry of pyruvate into the TCA cycle. p53 suppresses glycolysis by increasing the expression of TIGAR, supporting the expression of PTEN, and promoting oxidative phosphorylation via SCO2. Myc enhances the glycolytic pathway by increasing transcription of glycolytic enzymes and is also involved in glutamine metabolism.](emm201385f1){#fig1}

![The regulation of glucose metabolism in cancer cells. When glucose enters the cell through a glucose transporter, it is phosphorylated by HK to glucose-6-phosphate, which is further metabolized by glycolysis to pyruvate in the cytosol. Under aerobic conditions, normal cells use pyruvate dehydrogenase (PDH) to convert most pyruvate to acetyl-CoA. The acetyl-CoA is then oxidized via the TCA cycle, providing sources of ATP synthesis. In contrast, the metabolic pathways of glucose utilization in cancer are changed from ATP generation by oxidative phosphorylation to ATP generation through glycolysis. Also, for cell proliferation to occur, cancer cells require the synthesis of new macromolecules (for example, nucleic acids, lipids, proteins). Key enzymes that may be promising targets for cancer therapy are highlighted in red. TCA enzymes that are known to be mutated in cancer are shown in purple: IDH2, SDH, and FH.](emm201385f2){#fig2}

###### Compounds targeting cancer metabolism

  *Metabolism*               *Compound*        *Target*                        *Action*                                      *References*
  -------------------------- ----------------- ------------------------------- ---------------------------------------- -----------------------
  Glycolysis                 Phloretin         GLUT1                           Inhibits glucose uptake                        ^[@bib93]^
  Glycolysis                 WZB117            GLUT1                           Inhibits glucose uptake                        ^[@bib94]^
  Glycolysis                 2-Deoxyglucose    Hexokinase                      Inhibits glycolytic flux                       ^[@bib52]^
  Glycolysis                 3-Bromopyruvate   Hexokinase                      Inhibits glycolytic flux                  ^[@bib53],\ [@bib54]^
  Glycolysis                 Lonidamine        Hexokinase                      Inhibits glycolytic flux                  ^[@bib51],\ [@bib61]^
  Glycolysis                 FX11              Lactate dehydrogenase           Inhibits pyruvate metabolism                   ^[@bib95]^
  Glycolysis                 Oxamate           Lactate dehydrogenase           Inhibits pyruvate metabolism                   ^[@bib84]^
  Tricarboxylic acid cycle   Dichloroacetate   Pyruvate dehydrogenase kinase   Promotes oxidation in the mitochondria    ^[@bib85],\ [@bib86]^
  Fatty acid synthesis       C75               FASN                            Inhibits fatty acid synthesis                  ^[@bib96]^
